Ion channels and transporters, key elements in sperm-egg signaling and environmental sensing, are essential for fertilization. External cues and components from the outer envelopes of the egg influence sperm ion permeability and behavior. Combining in vivo measurements of membrane potential, intracellular ions, and second messengers with new molecular approaches and reconstitution strategies are revealing how sperm ion channels participate in motility, sperm maturation, and the acrosome reaction. Sperm are tiny differentiated terminal cells unable to synthesize proteins and difficult to characterize electrophysiologically. Spermatogenic cells, the progenitors of sperm, have become useful tools for probing sperm ion channels since they are larger and molecular biology techniques can be applied. These complementary strategies are opening new avenues to determine how sperm ion channels function in gamete signaling.
INTRODUCTION
Fertilization is essential for sexual reproduction and for generating a new individual. Although sperm-egg signaling has been studied for almost a century (Lillie, 1919) , the molecular entities involved have only now begun to be unveiled. During gametogenesis, sperm are produced in the testis and eggs in the ovaries. Mature and competent male and female gametes are required to achieve fusion and fertilization. Components from the external layers of the egg prime spermatozoa for fertilization by altering its membrane permeability and second messenger levels.
The potential for motility develops only after sperm leave the testis. For example, a sea urchin spawns as many as 40 billion sperm into the sea. Upon release, these cells start swimming, powered by a microscopic flagellar engine, exquisitely regulated by chemical signals from the environment and the egg. In contrast, sperm from internal fertilizers (reptiles, birds, and mammals) develop the potential for motility as they pass through the vas deferens (a duct from the epididymis to the urethra) and the epididymis (Morisawa, 1994; Maddocks and Setchell, 1988) .
Motility ensues when sperm are released into the reproductive ground or ejaculated into the female reproductive tract. Activation is triggered by environmental cues through transduction events involving sperm ion channels (Morisawa, 1994; Darszon et al., 1999; Kraznai et al., 2000) . In mammals, sperm undergo a further maturation process within the female reproductive tract, named capacitation. From the millions of sperm released only a few reach their target (Vacquier, 1998; Wassarman et al., 2001) . Many fascinating questions still surround the role of sperm chemotaxis in nature and the mechanisms involved (Miller and Vogt, 1996; Eisenbach, 1999) .
After maturing, swimming sperm from all species possessing an acrosome, including mammals, must undergo the acrosome reaction (AR) 2 to fertilize the homologous egg (McLeskey et al., 1998; Vacquier, 1998; Wassarman et al., 2001) . Jean C. Dan discovered this exocytotic process in the early 1950s. The acrosome is a single, large, Golgi-derived, secretory vesicle found in the anterior head of sperm from many animal species. During AR, the acrosomal and plasma membranes fuse at multiple sites, yielding sperm membrane elements required for penetration of the egg coat and subsequent fusion with the egg plasma membrane (Yanagimachi, 1998) . The AR requires the presence of external Ca 2ϩ (Dan, 1954) . The determinate influence that external ions have on sperm motility and AR brings to light the importance of ion channels in these crucial cell processes. Ion channels are key elements in cell signaling (Hille, 1992; Jan and Jan, 1997) ; sperm motility, maturation, and AR are inhibited by certain ion channel blockers Publicover and Barrat, 1999) .
Ion channels are incredible catalyzers of ion transport through the nonconducting lipid bilayer. Because each one allows the flow of millions of ions per second, a few of them can induce substantial electric and concentration changes in a small cell, such as the sperm, in milliseconds (Hille, 1992) . It is no wonder that nature selected these amazing transducers to achieve fast information exchanges between cells and the external world. Ionic gradients across cells not only determine membrane potential (E m ) through ionselective channels, permeant ions can modulate enzymes and further influence channel activity, causing additional E m changes and ion flow. E m governs the rates and direction of ion flow through channels and exchangers and its fluctuations modulate intracellular pH (pH i ), Ca 2ϩ ([Ca 2ϩ ] i ), and other second messengers that importantly influence sperm flagellar motility and AR.
Although ion channels are known to be important in sperm physiology, learning how these integral membrane proteins operate and are regulated in sperm is essential to understand fertilization. Voltage and ion-sensitive dyes, bilayer reconstitution, electrophysiology, DNA recombinant techniques, RNA expression in heterologous systems, immunocytochemistry, and pharmacology are revealing the fascinating properties of these molecules. Sperm are tiny differentiated cells unable to synthesize proteins. Spermatogenic cells, the progenitors of sperm, are larger and actively synthesize channels. These latter cells are facilitating the study of sperm ion channels by using molecular biology and patch-clamp techniques. Correlating ion channel distribution and function through spermatogenesis will enable us to understand how these proteins modulate differentiation and AR, a meticulously choreographed signaling process.
Due to space limitations, we will summarize the available information and highlight key questions in working models of the essential steps required by sperm to fertilize eggs: motility, capacitation, and AR. We will refer mostly to sea urchin and mouse sperm since these are the bestcharacterized systems. We apologize for leaving out important contributions and for inevitably being partial. There are several interesting and helpful reviews on general aspects of gamete interaction and function (Hoshi et al., 1994; Suzuki, 1995; Florman et al., 1998; Benoff, 1998; Flesch and Gadella, 2000; Publicover and Barrat, 1999; Vacquier, 1998; Wassarman et al., 2001; Baldi et al., 2000) .
MARINE INVERTEBRATE SPERM

Responses to the Ionic Environment and to Small Peptides from the Outer Layer of the Egg
Diffusible compounds from the outer layer of eggs influence sperm swimming trails in many marine invertebrates (Miller, 1985; Morisawa, 1994) . Though close to 100 spermactivating peptides (SAPs) have been identified from sea urchin (Suzuki, 1995) and starfish (Nishigaki et al., 1996) egg jelly, only a few have been structurally characterized in other species (Oda et al., 1998) . In general, SAPs produce similar biological effects on spermatozoa. They are believed to have a chemoactivation function and, in some cases, attract sperm to the egg, accelerate sperm penetration through the jelly coat, and promote AR (Suzuki, 1995) .
Signaling by speract (or SAP-1), the first purified and structurally identified SAP, involves ion channels and transporters (reviewed in Darszon et al., 1999) . Figure 1 illustrates a working model of its transduction cascade: speract binding to its receptor(s) (Dangott and Garbers, 1984; Yoshino and Suzuki, 1992) activates guanylyl cyclase (GC) (Bentley et al., 1988) . In Arbacia punctulata, the peptide (resact or SAP-IIA) binds directly to GC (Singh et al., 1988) . Speract signaling then causes K ϩ efflux through cGMP-dependent K ϩ channels Galindo et al., 2000) , causing a decrease in sperm E m . This hyperpolarization may enhance Na ϩ /Ca 2ϩ exchange to maintain low [Ca 2ϩ ] i (Bridge, 2001) . Some phosphatases and phosphodiesterases may be pHi-sensitive and rapidly inactivate GC, decreasing [cGMP] i (Garbers, 1989) . High K ϩ seawater blocks all sperm responses to speract except for the large [cGMP] i increase (Harumi et al., 1992) . The molecular characterization of the cGMP-regulated K ϩ channel will provide an important piece of the echinoderm sperm chemotaxis puzzle.
A K ϩ -dependent hyperpolarization in freshwater fish (Krasznai et al., 2000) and the subsequent increase in [cAMP] i in salmonid fish (Morisawa, 1994) are essential for sperm motility initiation. This hyperpolarization is also fundamental in the sperm response to the sperm-activating tion activated and cyclic nucleotide-gated K ϩ channel; IP3, inositol 1,4,5-trisphosphate; [K ϩ ] e , extracellular K ϩ concentration; [Na ϩ ] i , intracellular Na ϩ concentration; pH i , intracellular pH; PKDREJ, a mammalian homologue of REJ; PTx, pertussis toxin; REJ, receptor for EJ; SAPs, sperm-activating peptides; SNAREs, soluble N-ethylmaleimide-sensitive attachment protein receptors; SOCs, store operated Ca 2ϩ channels; TEA ϩ , tetraethylammonium; ZP, zona pellucida. and -attracting factor in ascidians (Izumi et al., 1999) . These results suggest that common mechanisms may underlie the regulation of sperm flagellar movement.
The speract-induced hyperpolarization also stimulates Na ϩ /H ϩ exchange (Lee and Garbers, 1986) , adenylyl cyclase (AC) (Beltrán et al., 1996 ; see AR section), and possibly a cation channel named SPIH (Gauss et al., 1998) . These changes lead to increases in pH i , [cAMP] i , and Na ϩ influx. SPIH has been cloned and belongs to the hyperpolarizationactivated and cyclic nucleotide-gated K ϩ channel (HCN) family (Gauss et al., 1998) . The HCN family encompasses pacemaker channels that control heart beat, regulate rhythmic firing in individual neurons, contribute to the resting membrane potential, and modulate periodicity in neural networks (Kaupp and Seiffert, 2001) . SPIH is activated by hyperpolarizing potentials and potently up-regulated by cAMP. Its K ϩ selectivity is poor (P K ϩ /P Na ϩ ϳ5), thus allowing Na ϩ influx under physiological conditions and possibly contributing to the re-or depolarization of sperm. Because SPIH is found mainly in the flagellum and HCN channels are involved in periodicity, this channel could modulate flagellar beating and participate in sea urchin sperm chemotaxis (Kaupp and Seiffert, 2001) . Indeed, channels activated by cAMP and hyperpolarizing potentials sharing selectivity properties with SPIH have been recorded in planar bilayers containing flagellar sperm plasma membranes (Labarca et al., 1996) and by patch-clamp techniques in swollen sea urchin sperm (Sá nchez et al., 2001) .
Resact, the only sea urchin SAP with demonstrated chemotactic capacity, requires external Ca 2ϩ to alter sperm (1) Binding of speract to its receptor activates a guanylyl cyclase (GC, 2), promoting K ϩ efflux through a cGMP-dependent K ϩ channel (3) causing a decrease in sperm membrane potential (Em). This E m hyperpolarization activates Na ϩ /H ϩ exchange (4), adenylyl cyclase (AC; 5), and a hyperpolarization-activated and cyclic nucleotide-gated K ϩ channel named SPIH (6), leading to intracellular alkalinization, elevation of [cAMP] i , and Na ϩ influx (Em depolarization), respectively. In addition, E m hyperpolarization can enhance Na ϩ /Ca 2ϩ exchange (7) to maintain [Ca 2ϩ ] i low. The increase in [cAMP] i may stimulate an ill-defined Ca 2ϩ channel (8). Also, the increase in [Na ϩ ] i and E m depolarization could lead to reversal of the Na ϩ /Ca 2ϩ exchange (7Ј). Some phosphatases and phosphodiesterases may be pH i -sensitive and rapidly inactivate GC and decrease [cGMP]i. Inset: Sperm responses to speract (100 nM) measured by fluorescent indicators DiSC 3 (5) (E m ), BCECF (pH i ), and Fluo-3 ([Ca 2ϩ ] i ). All upward changes indicate increases.
FIG. 2.
The sea urchin and mouse sperm acrosome reaction. In both species, ligand binding to the receptor(s) (1) induces a transient increase in [Ca 2ϩ ] i (2) and alkalinization (4). These changes are indispensable for the following sustained increase in [Ca 2ϩ ] i (7) that is a fundamental signal to trigger the acrosome reaction. The transient increase in [Ca 2ϩ ] i through voltage-dependent Ca 2ϩ channels may stimulate phospholipase C (PLC, 5) and produce inositol 1,4,5-trisphosphate (IP3). Ca 2ϩ release through IP3 receptors (6) depletes the intracellular Ca 2ϩ deposit, presumably the acrosome, leading to the activation of store-operated Ca 2ϩ channels (SOC, 7) in the plasma membrane. The increase in pH i may directly and/or indirectly (by rising affinity of IP3 receptor for IP3) stimulate SOC activity. The detailed mechanisms in the two species display differences. In sea urchin, when the fucose sulfate polymer (FSP) binds to its sperm receptor (REJ, 1), a dihydropyridine (DHP)-sensitive Ca 2ϩ channel (2) and a TEA ϩ -sensitive K ϩ channel (3) are transiently activated by an unknown mechanism. Possibly, REJ itself may have channel activity. Hyperpolarization as a result of K ϩ efflux stimulates voltage-and Ca 2ϩ -dependent Na ϩ /H ϩ exchange (4), raising pHi. The increase in cAMP could regulate various channels. DIDS-sensitive Cl Ϫ channels may participate in setting the resting E m . In mouse, several receptors for ZP3 may exist. One of them (possibly PKDREJ) may activate a cation channel to increase sperm E m and activate T-type voltage-dependent Ca 2ϩ channel (2). Another candidate, ␤-galactosyltransferase (GalT), is believed to couple with pertussis toxin (PTx)-sensitive G proteins (Gi, 3), which controls pH i regulators, Na ϩ -dependent Cl Ϫ /HCO 3 Ϫ exchange, and flufenamic acid-sensitive acid export (4). Niflumic acid-sensitive Cl Ϫ channels may cause E m depolarization to activate the T-type voltage-dependent Ca 2ϩ channels, which also could be involved in the pathway of progesterone-induced AR. motility (Ward et al., 1985) . It is worth noting that S. purpuratus and A. punctulata are separated by ϳ200 million years in evolution (Smith, 1988) ; therefore, there could be differences in the way SAPs modulate sperm motility. High Ca 2ϩ concentrations trigger asymmetric flagellar beating in demembranated sperm (Brokaw, 1979) and intact sperm (Cook et al., 1994) . Though [Ca 2ϩ ] i is crucial in flagellar movement regulation, little is known about SAPactivated Ca 2ϩ uptake. A Na ϩ /Ca 2ϩ exchanger working in reverse was proposed to participate in the [Ca 2ϩ ] i increase during this process (Schackmann and Chock, 1986) . However, consistent with the Ca 2ϩ -dependent depolarization caused by speract (Reynaud et al., 1993) , a cAMP-regulated Ca 2ϩ channel may contribute to this uptake (Cook and Babcock, 1993) .
Under physiological conditions, sperm may effectively contact SAPs only in the vicinity of the egg (Ͻ0.5 mm). Considering the linear velocity of swimming sperm (ϳ0.2 mm/s), SAPs may affect their trajectory just for a few seconds and will saturate their receptors upon arrival at the egg (Nishigaki and Darszon, 2000) . Time-resolved measurements of sperm response to SAPs using stopped-flow techniques (Nishigaki et al., 2001) , photolysis of caged compounds, and fast imaging techniques are needed to understand sperm motility regulation.
The Acrosome Reaction
Sea urchin sperm are released into the sea, where interaction with the outer layer of the egg (egg jelly; EJ) triggers AR. The AR-inducing component in EJ of S. purpuratus is a fucose sulfate polymer (FSP) (Alves et al., 1998) , while in Echinometra lucunter (Alves et al., 1997) it is a galactose sulfate polymer (sulfated galactan). In the starfish Asterias amurensis, a pentasaccharide repeat containing xylose, sulfated fucose, and galactose is the AR inducer (Koyota et al., 1997) . Thus, differences in the fine structure of sulfated (1). This process somehow leads to a sperm pHi increase possibly mediated by a Na ϩ -dependent Cl Ϫ HCO 3 Ϫ exchange (2) and flufenamic acid-sensitive acid-export (2Ј). Influx of HCO 3
Ϫ stimulates a bicarbonate-dependent AC (AC, 3) and activates a cAMP-dependent protein kinase (PKA). Sperm [Ca 2ϩ ] i also increases through a poorly characterized Ca 2ϩ influx pathway (4). These changes stimulate a protein tyrosine kinase (PTK) and initiate sperm hyperactivation. The pHi increase may activate inwardly rectifying K ϩ channels (5), which are inactive (or closed) before capacitation (5Ј). A small but significant K ϩ efflux through these channels contributes to gradually decrease sperm Em. This hyperpolarization may relief T-type voltage-gated Ca 2ϩ channels from the "inactivated state" (6Љ) to be ready for channel activation (6) by ZP3 (6Ј).
polysaccharides in EJ contribute to species specificity of fertilization in marine animals.
The AR involves fusion between the outer acrosomal and plasma membranes, exposing the inner acrosomal membrane specialized for fusion with the egg (Garbers, 1989; Vacquier, 1998; Darszon et al., 1999) . As in neurons and endocrine cells, membrane fusion during sea urchin and mammalian sperm AR appears to be governed by SNAREs (soluble N-ethylmaleimide-sensitive attachment protein receptors) and small G proteins like Rabs (Schulz et al., 1998; Ramalho-Santos et al., 2000; Michaut et al., 2000; Katafuchi et al., 2000; Kierszenbaum, 2000) .
Seconds after FSP binds to the sperm receptor for EJ (REJ, now suREJ1, a 210-kDa membrane glycoprotein), Na ϩ and Ca 2ϩ influx and H ϩ and K ϩ efflux activate with concomitant changes in E m , and increases in [Ca 2ϩ ] i and pH i (Fig. 2) . Furthermore, FSP elevates [cAMP] and inositol 1,4,5trisphosphate (IP3) and stimulates PKA, phospholipase D Mengerink et al., 2000) , and nitric oxide synthase (Kuo et al., 2000) .
REJ shares extensive homology with human polycystin-1 (Moy et al., 1996) , a membrane protein encoded by PKD1 that coassembles at the plasma membrane with polycystin-2, the gene product of PKD2, to produce a channel that is proposed to regulate renal tubular morphology and function (Hanaoka et al., 2000) . Mutations in either PKD1 or PKD2 are associated with autosomal dominant polycystic kidney disease (Arnaout, 2001) . PKD2 has amino acid similarity to voltage-gated Ca 2ϩ and other cation channels, especially within their S3-S6 segments and the loop between S5 and S6 (Nomura et al., 1998) . This protein itself may form Ca 2ϩ -permeable nonselective channels (Hanaoka et al., 2000; Gonzá lez-Perrett, et al., 2001) . The most conserved sequence among PKD domains is WDFGDGS, but its specific role is still unknown. Considering the Ig-like fold of this sequence, it has been suggested that it could be involved in ligand binding. Conservation could also reflect constraints on structure rather than on function (Bycroft et al., 1999) .
Several isoforms of REJ exist; SuREJ3, an 11transmembrane protein, is found in the sperm head plasma membrane over the acrosome. This protein shares several features with latrophilins, G-protein-coupled receptors involved in exocytosis. For example, the SUEL domain (sea urchin egg lectin) of approximately 105 aa is the most conserved domain of latrophilins. In addition, the three sea urchin REJ proteins have the conserved region where latrophilins are posttranslationally cleaved. Interestingly, there is also homology in the carboxyl terminus among suREJ3, huPKD1, PKDREJ, huPKD2, voltage-gated Ca 2ϩ channels, and Drosophila transient receptor potential (trp) channels (Mengerink et al., 2000) . The REJ proteins could be subunits of a ligand-gated channel that triggers AR in sea urchin sperm or regulators of a Ca 2ϩ channel that induces this reaction (Vacquier and Moy, 1997; Mengerink et al., 2000) ( Fig. 2) . Notably, a high-conductance, Ca 2ϩ -permeable channel, whose properties resemble some of those displayed by the PKDL and PKD1-PKD2 channels, has been recorded in black lipid membranes (BLMs) containing sea urchin and mouse sperm plasma membranes (Lié vano et al., 1990; Beltrán et al., 1994) . The sea urchin sperm channel has a 170-pS main conductance state in 50 mM CaCl 2 and poorly discriminates between monovalent and divalent cations (P Ca /P Na ϭ 5.9) (Lié vano et al., 1990) .
[Ca 2ϩ ] i determinations indicate the participation of two different Ca 2ϩ channels in the sea urchin sperm AR (Guerrero and Darszon, 1989a,b; Schackmann, 1989) . FSP binding to REJ transiently opens a Ca 2ϩ -selective channel that is blocked by verapamil and dihydropyridines (DHPs). Five seconds later, a second channel, insensitive to the latter blockers, activates and leads to the AR. The second channel does not inactivate, is permeable to Mn 2ϩ , and is pH idependent (Guerrero et al., 1998) . The two Ca 2ϩ channels are somehow linked, since blocking the first channel inhibits the second, and inhibition of the FSP-induced pH i increase associated with the AR prevents activation of the second channel and AR.
Evidence indicates that the second channel belongs to the family of store-operated Ca 2ϩ channels (SOCs) (Gonzá lez- Martínez et al., 2001; Parekh and Penner, 1997; Barritt, 1999) and may be important in the AR of many species O'Toole et al., 2000) . Since sperm do not have endoplasmic reticulum, the internal store is likely to be the acrosome (Treviñ o et al., 1998) . S. purpuratus sperm produce IP3 (Domino et al., 1989) during AR and possess IP3 receptors (Zapata et al., 1997) .
In L. pictus sea urchin sperm, FSP induces a transient K ϩ -dependent hyperpolarization probably mediated by K ϩ channels, followed by a depolarization. This hyperpolarization may remove inactivation from voltage-gated Ca 2ϩ channels (Gonzá lez-Martínez and Lié vano et al., 1990) . The AR and the increases in Ca 2ϩ uptake and pH i associated with this reaction are blocked by elevated [K ϩ ] e . FSP increases pH i , at least in part, by activating a Ca 2ϩ -dependent Na ϩ /H ϩ exchange stimulated by the hyperpolarization (Gonzá lez- Martínez et al., 1992) . In S. purpuratus sperm, tetraethylammonium (TEA ϩ ), a K ϩ channel blocker, inhibits AR (Schackmann, 1989) and TEA ϩsensitive K ϩ channels from sea urchin sperm plasma membrane have been recorded in planar bilayers (Lié vano et al., 1985) . Sperm Ca 2ϩ and Cl Ϫ channels have also been detected in BLMs and in patch-clamp recordings, some of which are sensitive to blockers that inhibit Ca 2ϩ uptake and AR (see table in Darszon et al., 1999) . These observations emphasize that AR is an ion channel-regulated event.
Submicromolar Zn 2ϩ induces AR and modulates pH i in L. pictus sperm (Clapper et al., 1985) . It increases [Ca 2ϩ ] i and pH i and changes E m (our unpublished results). Does Zn 2ϩ trigger AR by directly modulating ion transport and/or indirectly by activating a metalloprotease (Farach et al., 1987 ; our unpublished results)? Solving the Zn 2ϩ riddle will unveil clues about sea urchin sperm ion transport regulation and AR.
All conditions leading to AR increase cAMP; however, this increase depends on Ca 2ϩ uptake (Garbers, 1989; Darszon et al., 1999) . How AC is activated after triggering sea urchin sperm AR and its role in this process are still unknown. The sperm AC is different from that of somatic cells; it is not modulated by G proteins or forskolin but by Ca 2ϩ , pH i , and membrane potential (Garbers, 1989; Beltrán et al., 1996) . Cl Ϫ channels may also be involved in the AR since 4,4Ј-diisothiocyanatostilbene-2,2Ј-disulfonic acid (DIDS), an inhibitor of anion channels and transporters, blocks the sea urchin sperm AR (Morales et al., 1993) . DIDS-sensitive anion channels from sperm plasma membranes have been recorded in BLMs. Cl Ϫ channels may influence sperm resting E m , or may be modulated during AR (Morales et al., 1993) .
Recently, suREJ1, the speract receptor, a 63-kDa glycosylphosphatidylinositol (GPI)-anchored protein, Gs, AC, GC, and PKA were found in sea urchin sperm lipid rafts. From these, only the speract receptor, the GPI-anchored protein, and Gs coimmunoprecipitated, suggesting their functional association in the speract response and possibly in AR (Ohta et al., 2000) . Probably suREJ1, AC, GC, and PKA may interact in different microdomains. The functional characterization of signal transduction microdomains should shed light on the mechanism of AR and may help to elucidate the role of G proteins in sperm physiology.
MAMMALS
Spermatogenic Cells, Molecular Cloning, and Heterologous Expression
In addition to being very small and difficult to study electrophysiologically, sperm are differentiated terminal cells unable to make proteins. Thus, gene expression and protein assembly have to be studied in the large progenitor spermatogenic cells Darszon et al., 1999) .
Spermatogenic cells express a wide variety of ion channels and transporters Herrera et al., 2000) . Electrophysiology indicates that the inward current observed in these cells has a rapid time course and represents Ca 2ϩ influx through channels of the T-type. These channels have a low activation threshold and exhibit voltage-dependent inactivation (Hagiwara and Kawa, 1984; Lié vano et al., 1996; Arnoult et al., 1996a; Santi et al., 1996) . They are subjected to positive modulation by albumin and dephosphorylation as well as to negative modulation by estradiol and a tyrosine kinase-dependent phosphorylation (Arnoult et al., 1997; Espinosa et al., 2000) . Ni 2ϩ and DHPs are potent inhibitors of the spermatogenic cell T-current Arnoult et al., 1998) . In addition, several K ϩ currents have been identified in spermatogenic cells, including a TEA ϩ -sensitive, noninactivating outward current (Hagiwara and Kawa, 1984 ) and a rapidly activating and sustained inwardly rectifying current (Muñ oz-Garay et al., 2001) . In Xenopus oocytes injected with RNAs from rat spermatogenic cells, ATP evokes another class of K ϩ current which is dependent on [Ca 2ϩ ] i and blocked by charybdotoxin and TEA ϩ (Chan et al., 1998; Wu et al., 1998) . Similarly, spermatogenic cells display Cl Ϫ channels that activate at voltages above Ϫ50 mV and are inhibited by niflumic acid (Espinosa et al., 1998) . Interestingly, mice deficient in plasma membrane Cl Ϫ channels undergo massive degeneration of male germ cells (Bö sl et al., 2001) .
Considering that cyclic nucleotides are involved in sperm physiology, it is not surprising that the first sperm channel to be cloned using a bovine testis library was a cyclic nucleotide gated (CNG) channel (Weyand et al., 1994) . These channels are formed from at least two subunits: the ␣ subunit displays the channel activity and the ␤ subunit alone is not functionally active (Kaupp, 1995) . Expression of the bovine testis ␣ subunit in Xenopus oocytes results in single channel transitions of 20 pS. The channel is cationic, permeable to Ca 2ϩ , and has a much higher affinity for cGMP (Ͼ100-fold) than for cAMP. Small cGMP-induced currents were recorded from inside-out patches from human and bovine sperm (Weyand et al., 1994) .
Several ␤ subunit isoforms of CNG channels were identified in bovine testis (Wiesner et al., 1998) . Immunodetection revealed that while the ␣ subunit is present along the entire sperm flagellum, the ␤ subunits are distinctly localized. Since various combinations of ␣s and ␤s yield channels with different Ca 2ϩ permeability, Ca 2ϩ microdomains may exist and participate in flagellar bending control (Wiesner et al., 1998) . However, the physiological role of this CNG channel is still unknown.
Transcripts for a number of voltage-gated Ca 2ϩ channel ion conducting (␣ 1 ) subunits have been identified in spermatogenic cells including ␣ 1A , ␣ 1E , ␣ 1C , ␣ 1G , and ␣ 1H (Lié vano et al., 1996; Goodwin et al., 1997; Benoff, 1998; . Consistent with this, immunocytochemical experiments indicate that three Ca 2ϩ channel ␣ 1 subunits (A, C, and E) are present and regionally localized in sperm (Goodwin et al., 1997; Westenbroek and Babcock, 1999) , and that ␤ 1-3 auxiliary subunits are also expressed in both spermatogenic cells and sperm . More recently, considering the pharmacological profile of depolarization-evoked [Ca 2ϩ ] i increases in epididymal sperm and patch-clamp recordings in spermatogenic cells, it was proposed that N-type Ca 2ϩ channels contribute to the observed activity. Consistent with these findings, ␣ 1B subunits were detected by Western blotting of rodent sperm membranes (Wennemuth et al., 2000) ; however, detection of the RNA messenger is still pending.
A unique type of channel, mSlo3, has been cloned from mouse testis and heterologously expressed (Schreiber et al., 1998) . It belongs to the Ca 2ϩ -dependent K ϩ channel family but it is regulated by pH i and membrane voltage. Likewise, a member of the inward rectifier K ϩ channel family (K ir 5.1) and various sequences homologous to a delayed rectifier K ϩ channel (Kv1.3) have been amplified based on PCR analysis on rat testis (Salvatore et al., 1999; Jacob et al., 2000) .
Sperm Capacitation
Mammalian sperm are morphologically differentiated after leaving the testis, but still have to acquire the ability to fertilize an egg. This occurs after completing in the female tract a series of dynamic events called "capacitation" (Yanagimachi, 1994) . This process primes sperm to respond to the zona pellucida (ZP), the extracellular egg coat that induces AR. The molecular mechanisms and the signal transduction pathways mediating capacitation are only partially defined and appear to involve modification of [Ca 2ϩ ] i and other ions, plasma membrane lipid transfer, and remodeling, as well as changes in protein phosphorylation Baldi et al., 2000; Flesh and Gadella, 2000) (Fig. 3) . As in other cells, Na ϩ /Ca 2ϩ and Ca 2ϩ /H ϩ exchangers, and Ca 2ϩ -ATPases regulate sperm [Ca 2ϩ ] i (Fraser, 1995) . High-amplitude and asymmetric flagellar bends, known as hyperactivation, accompany the [Ca 2ϩ ] i increase (Suarez, 1996) . An increase in [cAMP] i is associated with sperm maturation through the epididymis and capacitation (White and Aitken, 1989; Visconti and Tezon, 1989; Visconti et al., 1995) .
In most somatic cells, extracellular signals modulate a transmembrane G-protein-regulated adenylyl cyclase that synthesizes cAMP. However, in sperm, this may be carried out by a different form of AC that was recently cloned . This AC is directly regulated by bicarbonate but not by G proteins or pH i (Okamura et al., 1985; Chen et al., 2000) . High levels of RNA message for the soluble form of this AC (sAC) are unique to male germ cells from rat. This message accumulates in round spermatids and sAC is present in mature sperm. These findings suggest that this AC may play an important role in sperm maturation through the epididymis, capacitation, hypermotility, and/or the AR . It is likely that the AC of sea urchin and other marine sperm is related to this new sAC.
During capacitation, the sperm plasma membrane hyperpolarizes, at least in part due to an enhanced K ϩ permeability (Zeng et al., 1995; Arnoult et al., 1999) . It is unclear which of the biochemical modifications that occur during sperm capacitation affect K ϩ channels; however, a pHidependent inwardly rectifying K ϩ channel has been identified very recently in spermatogenic cells (Muñ oz-Garay et al., 2001) . Before capacitation, sperm pH i is relatively acidic and may impose a functionally quiescent state. An acidic pH i may negatively regulate sperm inwardly rectifying channels, thereby maintaining membrane potential depolarized and indirectly preventing unregulated Ca 2ϩ entry, and thus AR (Vredenburgh-Wilberg and Parrish, 1995; Zeng et al., 1996) . The pH i changes that occur during capacitation could activate these channels, permitting K ϩ efflux and consequently hyperpolarizing sperm. Membrane potential in sperm can become as negative as Ϫ80 mV, a value sufficient to relieve steady-state, voltage-dependent inactivation of voltage-gated Ca 2ϩ T-channels (Arnoult et al., 1996a; Santi et al., 1996) . Ca 2ϩ influx through these chan-nels, activated by ZP via an unknown mechanism, may drive AR (Fig. 3) . Though several types of voltage-gated Ca 2ϩ channels are present in sperm, their role in capacitation is still unknown.
Interest is now being focused on the role of signaling complexes found in specialized lipid domains such as rafts during fertilization (Ohta et al., 2000) . Because sperm maturation and capacitation involve reorganization of membrane components and lipid removal (Flesh and Gadella, 2000) , exploring ion channel and protein redistribution during these processes is important.
Mammalian Acrosome Reaction
As mentioned earlier, the AR is an exocytotic event where the acrosome and plasma membrane fuse in the sperm head. In mammals, it is the equatorial segment of the sperm head that fuses with eggs. This region is present on the cell surface before exocytosis and becomes fusogenic only after AR. ZP3, one of the ZP glycoproteins, induces AR. Fusion releases proteases and/or glycosidases that allow sperm penetration through the ZP (Wassarman et al., 2001) .
In spite of much effort, including the use of knockout mice, the identity of the sperm surface receptor(s) for ZP3 is still unclear. Many candidates have been proposed, among them zonadhesin (Gao and Garbers, 1998) and ␤-galactosyltransferase (Shi et al., 2001) . Multiple, concerted, and cooperative interactions between ZP3 and the sperm surface, possibly involving receptor aggregation, may be needed to achieve AR. How these receptors convey information to initiate signal transduction in mammalian sperm is not known. ZP and other agents like progesterone trigger AR by influencing ion fluxes, phospholipid metabolism, cAMP levels, and protein phosphorylation via mechanisms that are not well understood (McLeskey et al., 1998; Roldan, 1998; Breitbart and Naor, 1999; Darszon et al., 1999; Baldi et al., 2000) .
Ca 2ϩ is essential for fusion during AR; Ca 2ϩ ionophores trigger this process in vitro and some Ca 2ϩ channel blockers inhibit it (Yanagimachi, 1994; Darszon et al., 1999) . ZP induces changes in sperm membrane potential (Arnoult et al., 1996a) , as well as [Ca 2ϩ ]i and pH i increases, that precede exocytosis in sperm (Fig. 2) (Florman et al., 1989 (Florman et al., , 1992 . ZP activates pertussis toxin-sensitive Gi proteins (Endo et al., 1988) that transiently increase pH i and lead to AR (Arnoult et al., 1996b) . A Gi protein interacts with ␤-galactosyltransferase (Shi et al., 2001) . Although there is evidence for Na ϩ -dependent Cl Ϫ /HCO 3 Ϫ (Zeng et al., 1996) and a Na ϩ /H ϩ exchange (Garcá and Meizel, 1999) , many questions remain unsolved about sperm pH i regulation during the AR. Are some sperm ion channels modulated by ZP3-activated Gi proteins? How are pH i and [Ca 2ϩ ]i related and tuned during AR?
Ion-selective fluorescent probes have revealed two phases of the ZP3-induced increase in [Ca 2ϩ ]i, consistent with the participation of at least two different types of Ca 2ϩ channels in the mouse sperm AR (Florman, 1994) . Upon ZP3 activation, [Ca 2ϩ ] i transiently elevates to micromolar levels within 40 -50 ms and relaxes to resting values within the next 200 ms (Arnoult et al., 1999) . The pharmacology and kinetics of this transient are consistent with the properties of T-type Ca 2ϩ channels. T-type Ca 2ϩ currents are the only voltage-dependent Ca 2ϩ currents expressed during the later stages of rodent spermatogenesis (Lié vano et al., 1996; Arnoult et al., 1996a) . These channels, the AR, and the transient increase in [Ca 2ϩ ] i are inhibited by micromolar concentrations of DHPs, pimozide, and Ni 2ϩ . Although it is likely that the fast transient increase in sperm [Ca 2ϩ ] i is mediated by a ZP3-dependent activation of T-type Ca 2ϩ channels Darszon et al., 1999) , the molecular identity of the AR relevant voltage-gated Ca 2ϩ channels remains to be established (Benoff, 1998; Wennemuth et al., 2000) .
The fast [Ca 2ϩ ] i transient is followed by a slower and sustained increase which is necessary for the AR. ZP3 signaling may achieve the sustained [Ca 2ϩ ] i elevation by releasing Ca 2ϩ from an IP3-sensitive intracellular store (Walensky and Snyder, 1995) and subsequent Ca 2ϩ entry through the plasma membrane (Fig. 2) . There are several isoforms of phospholipase C in sperm (Vanha-Perttula and Kasurinen, 1989; Baldi et al., 2000; Breitbart and Naor, 1999) and ZP3 stimulates IP3 production in these cells (Tomes et al., 1996) . The IP3 receptor (Walensky and Snyder, 1995; Treviñ o et al., 1998 ) and a Ca-ATPase (Dragileva et al., 1999) are present in the acrosomal membrane. Moreover, recently it was shown that PLC␦4 is present in mouse sperm and that it is involved in the early events of the ZP3-induced AR (Fukami et al., 2001) . Interestingly, in vitro all PLC isoenzymes are activated by Ca 2ϩ , but PLC␦s are the most sensitive to Ca 2ϩ . This isoform can bind to phosphatidylinositol 4,5-bisphosphate (PIP2) through its PH domain in the absence of other signals (Rhee and Bae, 1997) . Thus, possibly a transient [Ca 2ϩ ] i increase is sufficient to activate this PLC␦ independently of receptor activation.
In general, the emptying of Ca 2ϩ stores generates a gating signal that couples intracellular Ca 2ϩ release to the opening of SOCs in the plasma membrane (Parekh and Penner, 1997) . Both mouse spermatogenic cells and sperm possess pH i -dependent Ca 2ϩ channels and SOCs, which could participate in the sustained [Ca 2ϩ ] i elevation necessary for the AR . Moreover, in mouse sperm, thapsigargin, an endoplasmic reticulum Ca 2ϩ -ATPase inhibitor, induces the AR (Meizel and Turner, 1993) . This inhibitor stimulates external Ca 2ϩ uptake (Blackmore, 1993) with kinetics and sensitivity to Ni 2ϩ and DHPs similar to those of the second phase of Ca 2ϩ influx induced by ZP3 (O'Toole et al., 2000) .
Antagonists of T-type Ca 2ϩ channels added before ZP3 also inhibit the sustained elevation in [Ca 2ϩ ] i (Arnoult et al., 1996b) . Therefore, the transient increase in [Ca 2ϩ ] i appears to be necessary to open the second Ca 2ϩ pathway that keeps [Ca 2ϩ ] i elevated to allow AR (O'Toole et al., 2000) . How-ever, the molecular identity of this SOC has yet to be established. Some members of the trp gene family have been proposed to encode SOCs. Seven mammalian trp homologues have been identified (Putney and McKay, 1999; Boulay et al., 1999) . Notably, all seven genes of this family are present in spermatogenic cells (Vannier et al., 1999; our unpublished results) . Interestingly, trp2 has been recently shown to regulate ZP3-induced Ca 2ϩ entry into mouse sperm (Jungnickel et al., 2001) .
How ZP3 opens voltage-gated Ca 2ϩ channels is still a mystery. Interestingly, PKDREJ, a mammalian homologue of REJ, the sea urchin sperm receptor for the EJ, is expressed in human and mouse only in the testis, in a pattern that coincides with sperm maturation (Hughes et al., 1999) . The PKDREJ transcript has sequence similarity to the membrane-associated region of polycystin-1. Recently it was shown that coexpression of polycystin-1 and -2 yields Ca 2ϩ -permeable channels (Hanaoka et al., 2000) . The PK-DREJ protein does not contain the lectins found in REJ, making its interaction with ZP unclear. It could be part of the channel machinery that initiates AR, possibly by depolarizing sperm.
Intracellular Cl Ϫ is high enough in sperm so that anion channel activation could depolarize sperm and trigger AR (Garcá -Soto et al., 1987; García and Meizel, 1999) . The ZP-induced AR in boar, porcine, and human sperm is blocked by antagonists of the neuronal glycine receptor/Cl Ϫ channel, while glycine, its agonist, induces AR (Melendrez and Meizel, 1995; Llanos et al., 2001) . In addition, niflumic acid and other stilbenes that block sperm anion channels inhibit the mouse sperm AR . Sperm from mice defective in the glycine receptor/Cl Ϫ channel are unable to undergo the ZP induced-AR .
The physiological relevance of AR agonists distinct from ZP is still a matter of debate. The transduction cascades initiated by some of these agonists may operate during spermatogenic differentiation; some may participate in chemotaxis, facilitate capacitation, and/or the AR Baldi et al., 2000) . Progesterone, the best studied of these agonists, increases [Ca 2ϩ ] i in a biphasic manner Blackmore and Eisoldt, 1999; Baldi et al., 2000; Kirkman-Brown et al., 2000) as well as [Na ϩ ] i (Patrat et al., 1999) . It also causes Cl Ϫ efflux (Meizel, 1997) and membrane depolarization (Foresta et al., 1993) . Since cholesterol activates phospholipase C, it may also induce Ca 2ϩ depletion from sperm stores and activate SOCs (Blackmore, 1999) . This would explain why progesterone and ZP3 activate distinct upstream signaling elements (Murase and Roldan, 1996) but can act cooperatively in driving secretion (Roldan et al., 1994) .
CONCLUDING REMARKS
Ion channels and transporters are essential instruments in the symphony of fertilization. Pressing questions need to be answered before we can fully understand the momentous event of generating a new life. The molecular identity of the receptors to the egg ligands, which lead to the acrosome reaction and the ion channels and transporters activated during this elaborate process, must be determined before we can learn how they are orchestrated. Certainly genomics and proteomics will soon contribute to solving some of these questions. However, electrophysiology and intracellular ion imaging, together with ion transport reconstitution, will still be necessary to unravel why and how ion channels and transporters play a cardinal role in sperm maturation, the acrosome reaction, and fertilization. The specific location and composition of the transduction complexes involved in gamete signaling will be established in the coming years.
